For years, flutists have argued over the tonal advantages of using different precious metals for their instruments. Occasionally, scientists have entered the fray and attempted to offer an objective point of view based on experimental measurements. However, their research often involved actual instruments and performers, ignoring variations in wall thickness, craftsmanship, and human consistency. These experiments have been conducted using a variety of methods; all have concluded that wall material has no effect on tone. This project approaches the question using simple tubular models, excited by a wind source through a fipple mouthpiece. The amplitude and phase of the harmonic components of the body vibrational signal were measured with a stereo cartridge. Results demonstrated the existence of complex patterns of wall vibrations in the vicinity of a tone hole lattice, at frequencies that match significant harmonics of the air column. Additionally, the tube wall was found to expand in a nonuniform or "elliptical" manner due to the asymmetry of the tone holes. While this method is somewhat removed from direct musical applications, it can provide an objective, quantitative basis for assessing the source of differences among flutes. 
Introduction
Modern flutes are made from a variety of metals and alloys, including nickel silver, sterling silver, 5-14K gold, platinum, and titanium. Choice of wall material is often the subject of fierce debate between professionals with different personal preferences. Instrument manufacturers have an obvious monetary stake in maintaining the market for the more expensive materials. Flutists most often describe the timbre of the silver flute as "brighter" than that of the "darker" gold flute.
These aural impressions are based on perceived harmonic content. But it is accepted (one might argue assumed) within the community of professional flutists that wall material has a significant, if not dominant, effect on the timbre of the tone produced.
However, there is no scientific documentation of this phenomenon. In fact, scientists who have investigated the question have all reached the same conclusions-that wall vibrations are negligible and wall material has no effect on flute tone. This project developed a new method to measure the body vibrations of the flute. It is hoped that the resultant data will form an objective basis for future investigations into the relationship between wall material and flute timbre.
Previous Research
Numerous articles have been published that address the relationship of wall material and timbre for various instruments. Many of these studies date back as far as the 1930s.
The earliest research that addressed the body vibrations of woodwind instruments in particular was conducted by John Backus of the University of Southern California and published in 1964 [1] . The clarinet was the initial subject of investigation, but the work was extended to the other members of the woodwind instrument family. In the case of the flute, Backus noted that the magnitude of the body vibrations was smaller than that of the reed instruments. Four flutes were used in his experiments: (1) 0.012" coin silver; (2) 0.014" gold; (3) 0.020" coin silver; and (4) a silver alto flute. Backus measured the magnitude of the body vibrations at several locations on each instrument, and for several pitches at the same location (3" from the embouchure hole). After comparing these values to the sound level at a distance of 1 foot from the instrument, Backus determined that any radiated sound from the body vibrations was inconsequential when compared to the normal sound produced. He also investigated the possibility that body vibrations could affect the air column resonances themselves, but this testing was only conducted on clarinets. Backus concluded that "the vibrations of the walls of a woodwind instrument do not affect its steady tone either by radiating sound themselves or by affecting the harmonic structure of the internal standing wave."
Perhaps the seminal research in this field was conducted by John W. Coltman of Pittsburgh, PA, and published in 1971 [5] . For his experiments, Coltman constructed three keyless flutes of 0.036 cm silver, 0.153 cm copper, and 0.41 cm grenadilla wood. Identical plastic headjoints were attached to each flute. In a listening trial, Coltman played a musical phrase three times behind a screen, and the participants were asked to identify which repetition was performed on a different instrument. For a performing trial, Coltman attached the three flutes to a rotating apparatus in such a manner that the player could see only the identical headjoints, and therefore could not identify which instrument was currently in use. The participants played the three unseen flutes and indicated their personal preference. The apparatus was spun randomly and the participants were then asked to identify their original selection. Subsequent statistical analysis concluded that the success rate for both trials differed only slightly from the expected results for random guessing.
Joan Lynn White, currently a professor of flute and oboe at Appalachian State University, also addressed the effects of wall material in her doctoral dissertation at the University of North Carolina-Greensboro in 1980 [14] . Five flutes were constructed by the same manufacturer to have identical lengths, bore diameters, wall thicknesses, embouchure holes, and tone holes. Wall material (and its subsequent weight) was the only remaining variable across the set of flutes, which included bodies of palladium, white gold, 14K gold, and two of sterling silver. Two professional flutists played the performance tasks on each of the five flutes inside an anechoic chamber. The performers were asked to play three pitches (G in each of the three registers of the flute) at two dynamic levels. Two condenser microphones in the anechoic chamber were connected to a spectrum analyzer in an adjacent room. White determined that the harmonic content of the sound differed only between performers.
In 1990, a team in India observed body vibration patterns using conventional holography to produce time-averaged interferograms [9] . The instruments used were Indian flutes made of reed with eight finger holes. The flutes were excited by an air ribbon through a mouthpiece made of glass and rubber, and lightly clamped at both ends. The vibration patterns for different fingering configurations, frequencies, and blowing pressures were reported, but not interpreted.
In 1998, Alessandro Cocchi and Lamberto Tronchin presented results to the Acoustical Society of America [4] . Their study analyzed impulse responses in the time and frequency domains, using a microphone positioned inside the flute. Only two instruments were used, a nickel silver/copper alloy Bundy and a silver Muramatsu. The Bundy was found to be more "reverberant," while the Muramatsu had more high frequency components. No change was observed for different microphone positions. The authors noted the "remarkable difference between the two flutes [in] tone quality" but did not comment on its origin or possible consequences.
Numerous demonstrations have been given within the community of professional flutists.
On several occasions Coltman played on a concrete flute behind a screen, and the audience was completely unaware. At the National Flute Association convention in 1998, James Galway performed on an array of flutes of different materials, all manufactured by Muramatsu. These exhibitions were never intended to be scientifically rigorous and the results were never published.
Given this brief summary of a very long history, it is clear that the relationship of wall material and timbre is by no means a closed question, although many musicians and scientists might think so. The two professional communities have reached completely different conclusions.
Design Goals
Previous experiments were conducted using a variety of methods, but there are three recurring problems. First, the use of real instruments, although preferable, introduces several additional variables that are often left uncontrolled. Flutes of different materials have different standard wall thicknesses: 0.014"-0.018" for silver, 0.012" for gold, and 0.010"-0.011" for platinum. In addition, instruments in different price ranges, as dictated by the choice of material, have varying levels of craftsmanship.
Second, the use of live performers raises questions about skill level, consistency, and possible bias of the player, as well as reproducibility of results. The flutist's embouchure is the arrangement of the lips necessary to produce a sound, and involves varying the shape and tension of numerous muscles in the lips, mouth, and jaw. It is extremely difficult even for a professional player to reset the embouchure on a different instrument and produce a tone in exactly the same manner.
Third, the data collected were primarily qualitative, in the form of listener identifications or descriptions.
In order to address the aforementioned concerns, the following design goals were identified:
(1) eliminate the additional variables present on actual flutes through the use of tubular models;
(2) ensure reproducibility of results with an artificial air supply; (3) collect quantitative data with an oscilloscope and spectrum analyzer.
The eventual objective of this research is to correlate the body vibrations of the flute with its radiated sound spectrum. But the necessary first step is to develop a system to measure the body vibrations, in accordance with the above criteria. That is the goal of this thesis project.
Tubular Models
A set of four models was constructed of standard stainless steel tubing, mainly due to its availability and low cost. This thin-walled material was also chosen to provide a large output signal. The models very closely approximate the characteristic dimensions of an actual instrument, as shown below.
Dimension Flute Models
Length ( Table 1 . Body dimensions of a standard flute and the tubular models.
The set of models was designed to examine the effect of the tone holes on wall vibration. Table 2 .
It was initially hoped to fabricate an identical set of models from a different metal, probably brass. However, it was extremely difficult to locate tubing of similar dimensions, with large bore diameter and small wall thickness. Additional tubes with off-axis tone holes were also considered but never constructed due to time constraints.
It should be noted that the most significant difference between the models and real flutes is the design of the tone holes. The tone holes on the models were simply cut into the metal tubing.
On an actual instrument, the keys rest atop a small segment of tube that is drawn or rolled up around the tone holes. This inherent simplification was unavoidable for the purposes of this experiment. While the drilled tone holes do remove some of the variations in craftsmanship, they are also somewhat removed from a realistic situation.
Equipment
A small fan was used as the air supply, regulated by a bellows-type apparatus. An inner box of cardboard was allowed to move freely inside an outer box of plywood, acting as a pressure regulator. The air output was then piped directly into the mouthpiece of the model. A fipple mouthpiece was chosen to stimulate sound production in the models, rather than a flute headjoint. Fipples are normally found on whistles, recorders, and organ pipes. In this case, a fipple was used in order to avoid the complications and ambiguities involved in modeling an artificial embouchure. The fipple mouthpiece for this experiment was taken from a standard Yamaha soprano recorder made of plastic and slightly bored out for a snug fit with the tubular models. In general, the vibrational spectrum is not independent of orientation in the presence of a tone hole lattice. Figure 8 shows the first, third, and fourth harmonics measured at the side of Tube C, at 90 o relative to the axis of the tone holes. It should be noted that the third harmonic of Tube C (shown in yellow on Figures 8 and 9) displays the same basic structure as that of Tube B (Figure 7 ). The vibrational minima occur at the fipple mouthpiece (1"), around the midpoint of the length of the tube (10"-12"), and close to the free end (17"-18"). The third harmonic also follows this pattern on Tube D, although the overall structure is quite different even from that of Tube C. This may be due to the more regular spacing of the 9 tone holes on Tube D, as compared to the 6 tone holes on Tube C. 
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The phase reversals were found to correspond with the pronounced minima of the vibrational signal, again within the positional uncertainties. This is demonstrated in Figure 12 , which essentially overlays Figure 7 and Figure 11 . 
Conclusion
At the beginning of this project, the following independent variables were identified for study: material, bore diameter, wall thickness, pitch/length, number of tone holes, type of tone holes. The original intent was to compare sets of models constructed from different metals.
However, the effects of the tone holes were quickly found to be complex and intriguing.
This work resulted in the successful construction of an apparatus and the implementation of a technique to eliminate additional variables, ensure reproducibility of results, and gather quantitative data. Experimental measurements have demonstrated the existence of complex patterns of wall vibrations in the vicinity of a tone hole lattice, at frequencies that match significant harmonics of the air column. It has also been shown that the tube wall expands in a nonuniform or "elliptical" manner due to the asymmetry of the open tone holes.
It is true that the models may over-emphasize the magnitude of the observed effects. The flute body is more rigid but also more asymmetrical, so it is unlikely that wall vibrations can simply be dismissed as negligible.
The scale and spatial distribution of the phase reversals imply that they could affect upper harmonics differently. This could provide a mechanism for the wall vibrations to affect the tone produced. A logical next step in this investigation would be to attempt to correlate intentional mechanical damping of the observed tube wall vibrations with changes in the instrument's radiated sound spectrum.
Unfortunately, the scientific rigor of this experiment also renders it less directly applicable to musical situations. It is hoped that future research will expand upon the techniques established here, re-introducing variables to more closely approximate a realistic performance situation. Only then can the relationship between wall material and flute timbre be definitively established. 
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